Effect of aging on successive martensitic transformation in a Ti-47 at%Pd shape memory alloy has been studied by means of differential scanning calorimetry (DSC) and transmission electron microscopy (TEM). After short time aging successive transformation takes place in Ti-47 at%Pd alloy irrespective of aging temperature. On the other hand, after relatively prolonged period only the specimen aged above 1073 K shows successive transformation. The change of transformation behavior with aging condition is discussed on the basis of equilibrium between TiPd matrix and Ti 2 Pd precipitate. The homogeneity range of TiPd compound is also estimated from the transformation behavior and TEM observations.
Introduction
Ti-Pd shape memory alloys of near-equiatomic compositions are highlighted as potential materials for high temperature applications, since the intermetallic phase of TiPd undergoes a thermoelastic martensitic transformation around 800 K. 1) In a previous paper 2) we have reported that the successive transformation takes place in near equiatomic Ti-rich Ti-Pd alloys, which is related to the formation of fine Ti 2 Pd precipitates with C11 b -type structure. Upon heating the first transformation step represents the reverse martensitic transformation of the TiPd matrix, while the second one is due to the reverse martensitic transformation of small neighboring volume of Ti 2 Pd precipitate at which Pd concentration is higher than that in the matrix.
Since the mechanism of successive transformation in Tirich near-equiatomic Ti-Pd alloys is connected with the nucleation and growth of Ti 2 Pd precipitates which are controlled by diffusion process, both aging temperature and time will greatly affect the transformation behavior. Therefore, it is very interesting and useful to find out how transformation proceeds with different aging treatments. The purpose of the present study is to investigate the effect of aging on successive martensitic transformation in near-equiatomic Ti-rich TiPd alloys. Subsequently, the equilibrium phase boundary of TiPd compound in Ti-rich side is estimated on the basis of transformation behavior.
Experimental procedure
The Ti-47 at%Pd used as Ti-rich Ti-Pd alloy in the present study was prepared in the same way as that described in the previous paper.
2 ) The change of transformation behavior with aging condition was investigated by means of DSC measurements. The specimen used in DSC investigations was * Graduate Student, Department of Material Science and Engineering, Graduate School of Science and Technology, Kumamoto University.
parallelepiped-shape with an average weight of 14 mg. The experiments were carried out with a heating and cooling rate of 10 K/min in a Shimadzu DSC-50 calorimeter. The specimen preparation, TEM observations and the lattice parameters of the martensitic and the Ti 2 Pd phases have also been described in the previous paper.
2) Figure 1 shows the DSC heating curves of the Ti-47 at%Pd alloy aged for 3.6 ks at different temperatures indicated at the left hand of each curve. In all the cases two endothermic peaks are observed along the DSC heating curve. The first sharp peak is denoted A2
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* in the present study the same as that defined in the previous report.
2) The A2 * peak changes its position depending on the aging temperature. In the specimens aged below 1123 K the peak temperature first rises and then lowers with increasing aging temperature. On the other hand, in the specimens aged above 1123 K the A2 * peak temperature is independent of aging temperature. The higher temperature peak denoted as A1 * is unaffected by the aging temperature and lies at the same position within experimental errors. The A1 * peak temperature is nearly identical with the reverse martensitic transformation peak temperature of the equiatomic Ti-Pd alloy.
2) The variation of A2 * peak indicates that compositional and/or structure changes occur during aging in the specimens aged below 1073 K. Figure 2 shows the effect of aging time on the transformation behavior of the Ti-47 at%Pd alloy aged at 873 K after quenching from 1273 K. The successive transformation takes place only in the specimen aged for relatively short time as seen in Fig. 2(a) . With increasing in aging time temperature range of the first reaction is shifted to high temperature region and the A2 * peak overlaps the A1 * peak as presented in (a) to (d). The transformation behavior is fairly identical and stable in the specimens aged for more than 180 ks as seen in (d) to (g), and then the peak position of these specimens is at the same temperature as the A1 * peak of the specimen aged for 3.6 ks in (a). It can be concluded that the quenched Ti-47 at%Pd alloy aged at 873 K attains the stable state by aging for more than 180 ks.
The effect of aging condition on the reverse transformation peak temperatures is summarized in Fig. 3 . Here we plot A1
* and A2 * in the specimens aged at various temperatures for 3.6 ks and relatively prolonged period. The relatively prolonged period is defined as the aging time by which the transformation behavior has become stable. For instance, that is 180 ks or more in the specimen aged at 873 K as shown in Fig. 2 . All the specimens aged for 3.6 ks show two endothermic peaks independently of the aging temperature as described above. In this case the A1 * presents no significant variation with the aging temperature, while A2
* first increases and then decreases with decreasing aging temperature below 1073 K. In the specimens aged above 1123 K for 3.6 ks the A2 * shows almost constant temperatures. On the other hand, after relatively prolonged period only one endothermic peak appears in the specimen aged below 1023 K. Although the A1 * and A2 * peaks temperatures in the specimens aged above 1073 K for prolonged period are slightly higher than those for 3.6 ks, essentially the same successive transformation takes place. As apparently from Fig. 3 the compositional and/or structural changes may occur during aging in the specimens aged below 1023 K. On the other hand, above 1073 K the phase equilibrium is completed within aging for 3.6 ks and/or no diffusional process such as decomposition occurs during aging. The latter corresponds that the specimen is in the homogeneity range of TiPd compound at the prescribed temperature. The slight increase of A1 * and A2 * in the specimen aged above 1073 K for prolonged period is probably due to the decrease of Ti concentration by evaporation and/or oxidation during aging. Figure 4 (a) is a bright field image of the microstructure in the Ti-47 at%Pd alloy aged at 873 K for 3.6 ks which shows the successive transformation as described in Figs. 1 and 2. There are Ti 2 Pd precipitates with C11 b -type structure in the B19 martensite matrix. Both phases were identified by electron diffraction experiment. Morphological and crystallographic characteristics of the precipitates have been described in the previous paper.
Microstructure in aged specimens
2) Before aging only B19 martensite phase was observed in the specimen quenched from 1273 K. Therefore, the Ti-47 at%Pd is without doubt in the two-phase region at 873 K. Figure 4(b) shows a bright field image of the microstructure in Ti-47 at%Pd alloy aged at 873 K for 3.6 ks and then quenched, and heated again up to just above A1 * with 10 K/min following the DSC measurement. The latter treatment is called DSC-like treatment hereinafter. Both bright field images in (a) and (b) are recorded from [010] B19 orientation. After DSC-like treatment, the size and density of precipitates increase as shown in (b). It is easily supposed that some of precipitates grow and the others newly nucleate during DSC-like treatment.
The bright field image in Fig. 5(a) is the microstructure in Ti-47 at%Pd alloy aged at 873 K for 360 ks which shows no successive transformation as apparently form Fig. 2 . The precipitate grows several hundreds nm in length and several tens nm in thickness. Figure 5(b) shows a bright field image of microstructure in Ti-47 at%Pd alloy aged at 873 K for 360 ks and then DSC-like treated. There is no change in the microstructure between (a) and (b). In other words, no decomposition takes place during the DSC treatment. Figure 6 (a) is a bright field image of the microstructure in Ti-47 at%Pd alloy aged at 1073 K for 36 ks which shows the successive transformation as plotted Fig. 3 . Rather large precipitates are observed but their density is quite low. On the other hand, one can see fine precipitates together with large precipitate denoted as L in the martensite matrix of the Ti-47 at%Pd alloy aged at 1073 K for 36 ks and then DSC-like treated, as shown in Fig. 6(b) . These observations indicate that the Ti-47 at%Pd alloy is in TiPd + Ti 2 Pd duplex phase region at 1073 K. Although we do not reproduce here, only the B19 martensite phase with no Ti 2 Pd precipitate was observed in the specimen aged at 1123 K. This observation supports the hypothesis that the phase boundary of TiPd single 900 V. C Solomon and M. Nishida and TiPd + Ti 2 Pd duplex phases in the Ti-47 at%Pd alloy is between 1073 and 1123 K.
From Figs. 4, 5 and 6 when the specimen shows the successive transformation, fine precipitates are always observed in the martensite matrix. We have pointed out that the successive transformation is intimately related to the formation of fine precipitates of Ti 2 Pd phase during heating in DSC measurement. Therefore, the present TEM observations are consistent with the result of our previous paper.
Discussion
Homogeneity range of TiPd
When comparing Fig. 3 in the present paper and Fig. 4 in the previous one, 2) we can estimate roughly the homogeneity range of TiPd compound. The A2
* of the Ti-47 at%Pd alloy aged at 873 K for prolonged period in Fig. 3 is about 853 K which can be extrapolated to the A2 * of Ti-49.4 at%Pd in Fig. 4 in the previous paper. This indicates that the matrix composition of the specimen in equilibrium with Ti 2 Pd phase is about Ti-49.4 at%Pd at 873 K. In the same way, the equilibrium compositions of matrix are estimated to be Ti-49.0, 48.7 and 48.2 at%Pd at 973, 1023 and 1073 K, respectively. It is also noted that the phase boundary of TiPd single and TiPd + Ti 2 Pd duplex phases in the Ti-47 at%Pd alloy is considered to be in the temperature range between 1073 and 1123 K. These results indicate that the phase boundary of the TiPd compound in Ti side extends from near-equiatomic composition of about 50.6 at%Ti at around 873 K to about 51.8 at%Ti at 1073 K. This result is consistent with the previous reports. [3] [4] [5] 
Transformation mechanism
The transformation mechanism of the aged Ti-47 at%Pd alloy is explained consistently as follows on the basis of experimental results and the homogeneity range of TiPd estimated above.
When the specimen is aged above 1123 K, the successive transformation occurs irrespective of the aging period. The specimen is in homogeneity range of TiPd compound above 1123 K and a single TiPd phase is obtained by quenching. Therefore, the successive transformation takes place with the formation of fine Ti 2 Pd precipitates during heating of DSC measurement as concluded in the previous paper. Around 1073 K the transformation behavior is independent of the aging period. However, the Ti-47 at% alloy is in the duplex phase region, i.e., TiPd and Ti 2 Pd phases, as shown in Fig.  5(a) . The equilibrium between TiPd and Ti 2 Pd phases is completed within 3.6 ks. After aging, and then quenching from around 1073 K the supersaturated Ti in TiPd matrix is considered to be sufficient for the precipitation of Ti 2 Pd during the heating for DSC measurement, since the homogeneity range of TiPd decreases from about 51.8 at%Ti at 1073 K to about 50.4 at%Ti at 873 K. It is likely that the supersaturated Ti further increases at room temperature. Therefore, the fine Ti 2 Pd precipitates appear in the specimen aged at 1073 K for 36 ks and then subjected to DSC-like treatment as seen in Fig. 6(b) . Consequently, the DSC detects the successive transformation inevitable. When the specimen is aged below 1023 K for short period, the successive transformation takes place. With lowering the aging temperature the prolonged period is required to establish the equilibrium between TiPd and Ti 2 Pd. Therefore, the TiPd matrix still contains supersaturated Ti enough for the nucleation and/or growth of Ti 2 Pd precipitates. This is confirmed by the TEM observations in Fig. 4 . After prolonged aging no dicomposition occurs, since the equilibrium between TiPd and Ti 2 Pd is completed and there is no sufficient supersaturated Ti sufficient for the precipitation of Ti 2 Pd in the TiPd matrix. Therefore, no fine precipitate is observed in the specimen aged at 873 K for 360 ks as shown in Fig.  5(b) .
The present explanation, together with the conclusions in the previous paper, gives the systematic understanding of the successive transformation mechanism in the near-equiatomic Ti-rich Ti-Pd alloys.
